Generating neutralizing antibodies (nAbs) is a major goal of many current HIV-1 vaccine efforts. To be of practical value, these nAbs must be both potent and cross-reactive in order to be capable of preventing the transmission of the highly diverse and generally neutralization resistant (Tier-2) HIV-1 strains that are in circulation. The HIV-1 envelope glycoprotein (Env) spike is the only target for nAbs. To explore whether Tier-2 nAbs can be induced by Env proteins, we immunized conventional mice with soluble BG505 SOSIP.664 trimers that mimic the native Env spike. Here, we report that it is extremely difficult for murine B cells to recognize the Env epitopes necessary for inducing Tier-2 nAbs. Thus, while trimer-immunized mice raised Env-binding IgG Abs and had high-quality T follicular helper (Tfh) cell and germinal center (GC) responses, they did not make BG505.T332N nAbs. Epitope mapping studies showed that Ab responses in mice were specific to areas near the base of the soluble trimer. These areas are not well shielded by glycans and likely are occluded on virions, which is consistent with the lack of BG505.T332N nAbs.
V
accines are key components of the public health armamentarium. Almost all licensed viral vaccines work by inducing neutralizing antibody (nAb) responses. However, generating nAbs that protect against the myriad of circulating human immunodeficiency virus type 1 (HIV-1) strains is extremely challenging. The only nAb target on HIV-1 is the envelope glycoprotein (Env) complex, a trimer of gp120-gp41 subunits that tolerate extensive amino acid sequence variation. The protein surfaces of the trimer are extensively shielded by N-linked glycans that help HIV-1 evade the antibody response but that are, paradoxically, themselves targets for a rare subset of broadly neutralizing antibodies (bnAbs). Thus, various bnAbs discovered in HIV-1-infected individuals that can neutralize most circulating HIV-1 isolates of multiple subtypes serve as paradigms for the types of antibody an Env vaccine needs to induce (1) (2) (3) (4) (5) . The passive transfer of moderate doses of bnAbs protects macaques against challenge with simian immunodeficiency virus (SIV)/HIV-1 (SHIV-1) hybrid viruses, providing guidance about what bnAb titers a vaccine should induce to accomplish protective immunity (6) (7) (8) (9) . Epitope mapping studies combined with knowledge of the trimer structure reveal at least five conserved sites on the trimer as bnAb targets. In broad terms, bnAbs need to either penetrate the few gaps in the glycan shield or recognize a component of the glycan shield itself. However, can bnAbs be induced by vaccination?
In HIV-1-infected individuals, bnAbs generally require several years to develop during a complex process of affinity maturation. Most bnAbs have undergone extensive somatic hypermutation (SHM), particularly in the variable heavy-chain region (4, 10, 11) . Mutations in framework regions also are critical for neutralization breadth (11) , as they can facilitate antigen recognition and antibody flexibility (12) . Therefore, driving SHM appears to be advantageous for the evolution of bnAbs (13) . SHM takes place in germinal centers (GCs), which are dynamic structures in lymphoid organs where B cells undergo affinity maturation (14) . During affinity maturation, T follicular helper (Tfh) cells provide survival and proliferation signals to antigen-presenting GC B cells (15) . The latter divide, undergo SHM, and are selected by Tfh cells for further rounds of division and SHM in an iterative process (16) . As Tfh cells are critical for regulating the process of affinity maturation, they play a key role in bnAb generation. During chronic SIV infection of macaques, the accumulation of Tfh cells in lymph nodes correlated with the magnitude of GC and IgG responses (17) . Furthermore, the frequency of memory Tfh cells in blood correlated with the ability of HIV-1-infected individuals to make bnAbs (18) . Therefore, learning how to improve Tfh cell differentiation would be valuable to HIV-1 vaccine design strategies.
The neutralization sensitivity of HIV-1 strains varies greatly and can be quantified. Viruses classified as Tier-1 are the most sensitive, while Tier-2 and Tier-3 viruses are increasingly resistant (19) . Most Tier-1 viruses have acquired their atypical sensitivity to nAbs as a result of passage through T cell lines in vitro (20) , although a small subset of circulating HIV-1 strains do have this phenotype (19) . In contrast, most transmitted variants are in Tier-2 and -3 (19, 21, 22) , which means that a vaccine will need to induce antibodies able to overcome their resistance mechanisms (21, 22) . Tier-1 viruses are considered to have Env trimers that are more open than those of their more resistant counterparts, thereby exposing additional nAb epitopes, particularly those associated with the gp120-V3 region and the CD4-induced co-receptor binding site (CD4i) (19, 23, 24) . These regions tend to be occluded on the more closed Tier-2 Env trimers, such that Abs to, for example, V3 are ineffective against the corresponding viruses (19, 23) . Because the epitopes for Tier-1 and Tier-2 nAbs generally differ, a Tier-1 nAb response to, for example, V3 cannot be converted to Tier-2 by an affinity maturation process. Consequently, generating Tier-1 nAbs is not a stepping stone toward generating Tier-2 nAbs.
Inducing a Tier-1 nAb response by immunizing with Env proteins is straightforward, but generating Tier-2 nAbs is a major challenge. In human vaccine efficacy trials of monomeric gp120 proteins, Tier-2 nAbs were almost never seen at meaningful titers (25, 26) . The gp120 monomer immunogens represent a single subunit of the native Env trimer; hence, they cannot present many nAb epitopes in their proper structural context. In addition, Tier-1 nAb and nonneutralizing antibody (non-nAb) epitopes are highly immunogenic on gp120 monomers, but the resulting antibodies are ineffective against Tier-2 viruses. The question is whether a new generation of Env immunogens that mimic the native trimer can overcome some of these limitations. The BG505 SOSIP.664 protein is the first of this class of recombinant nativelike trimers (27) (28) (29) . The BG505 SOSIP.664 trimers have been extensively studied in vitro and shown to possess many of the antigenicity properties of the corresponding virus, including the presentation of multiple tertiary and/or quaternary structure-dependent bnAb epitopes while occluding most non-nAb epitopes (27) (28) (29) (30) (31) . Their high-resolution structure also has been determined (27) (28) (29) 32) . These new trimer immunogens need to be studied in animal models to gauge their potential for inducing Tier-2 nAbs. In rabbits and macaques, the BG505 SOSIP.664 trimers induce nAbs against the autologous Tier-2 BG505.T332N response, as well as a Tier-1 nAb response dominated by V3 Abs, but they do not induce heterologous Tier-2 nAbs (33). The autologous Tier-2 response represents progress and may be a first step in various vaccine strategies intended to generate neutralization breadth. Many of these approaches will require a full harnessing of the immune system and its ability to drive SHM in GCs (34, 35) .
The mouse model offers major advantages for an exploration of the immunology underlying vaccine-induced immunity, because so many tools and genetically engineered strains are available. Its relatively low cost is an additional asset, because more variables can be explored than is feasible in macaques. Conversely, it is well understood in the Env vaccine field that mouse serum can interfere with HIV-1 neutralization assays in vitro (36) , and there are also concerns about structural differences between mouse and human antibodies, such as the length of the CDR3 region.
Here, we have immunized mice with BG505 SOSIP.664 trimers under various conditions to assess whether they induce Tier-1 and/or autologous Tier-2 responses and to study various immunological parameters that may be important for the induction of bnAbs.
MATERIALS AND METHODS
Ethics statement. The mouse experiments were conducted in strict compliance with the La Jolla Institute for Allergy and Immunology Animal Care Committee (Office of Laboratory Animal Welfare assurance number A3779-01), who approved all animal care and protocol used (protocol license number AP006-SC1-0612). The mouse care and use protocol adheres to the Public Health Service (PHS) policy on the humane care and use of laboratory animals (Department of Health and Human Services) and the Guide for the Care and Use of Laboratory Animals (eighth edition) (37) . The rabbit experiments were performed at Covance, Inc., and were approved by the Covance, Inc., IACUC (project license number 0014-15) in compliance with the U.S. Department of Agriculture's Animal Welfare Act (38) , the Guide for the Care and Use of Laboratory Animals (37) , and the National Institutes of Health, Office of Laboratory Animal Welfare.
Animals, immunizations, reagents, and surgeries for immunizations. BALB/cJ, 129S1/SvImJ, and C57BL/6J mice (Jackson Laboratory) or Crl:CFW(SW)/Swiss Webster mice (Charles River) were immunized at 6 to 10 weeks of age via the indicated routes (footpad, base of tail, interscapular, or intramuscular) and given subsequent booster immunizations. The following reagents were used in mouse vaccine strategies: adjuvants Iscomatrix (CSL Ltd.), Abisco-100 (Novavax), Addavax (InvivoGen), Adjuplex source, Complete Freund's adjuvant (InvivoGen), and Incomplete Freund's adjuvant (InvivoGen); Toll-like receptor (TLR) agonists MPLA-SM (10 g/mouse; InvivoGen), R848 (20 g/mouse; InvivoGen), and ODN 1826 (20 g/mouse; InvivoGen); glycolipid analog 7DW8-5 (0.2 g/mouse; Funakoshi Co. Ltd.); NK cell-depleting antiAsialo-GM1 (39, 40) Seven-day (1007D or 2001; Alzet) or 14-day (1002 or 2002; Alzet) osmotic pumps were used for immunizations. For 7-day slow-release immunizations, smaller pumps (100-l volume) were used for most experiments to deliver 50 g BG505 SOSIP.664 trimers in 0.5 U of Iscomatrix , and larger pumps (200-l volume) were used for a few experiments to deliver 50 g BG505 SOSIP.664 trimers in 0.5 U of Iscomatrix. For 14-day immunizations, either two small pumps (100-l volume each) or one large pump (200-l volume) was used to deliver 100 g BG505 SOSIP.664 trimers in 0.5 U of Iscomatrix. Larger volumes were required, because BG505 SOSIP.664 trimers were maintained at an approximately 0.5 mg/ml concentration to decrease the aggregation of trimers. In one experiment, Addavax was used in pumps in a 1:1 ratio with BG505 SOSIP.664 trimers (see Table S5 in the supplemental material). Pumps were implanted subcutaneously at the midscapular level into mice. Interscapular bolus immunization was given in pump-implanted mice as indicated.
New Zealand White rabbits (Covance Inc.) were immunized intramuscularly with 30 g BG505 SOSIP.664 trimers in 75 U of Iscomatrix adjuvant.
Env trimers for immunizations. BG505 SOSIP.664 trimers were produced and purified as previously reported (27, 41) . Briefly, the proteins were expressed in a human embryonic kidney 293 cell line expressing the simian virus 40 (SV40) large T-antigen (HEK293T) (Invitrogen) or Chinese hamster ovary (CHO) cells (Invitrogen) by transient transfection and purified using a 2G12 monoclonal antibody (MAb) affinity column followed by size-exclusion chromatography (SEC). YU2 gp140-F trimers were produced as previously described (42) . The BG505 SOSIP.664 trimers were aliquoted at approximately 0.5 mg/ml and stored at Ϫ80°C. Once thawed, the BG505 SOSIP.664 trimers were used immediately or, in rare cases, kept at 4°C for up to 3 days for use.
Flow cytometry. C-terminus avi-tagged BG505.664 SOSIP trimers were produced as previously described (31) and biotinylated using the BirA-500 kit (Avidity) per the instructions. Biotinylated BG505 SOSIP.664 trimers were aliquoted and stored at Ϫ80°C. After thawing, biotinylated BG505.664 SOSIP trimers were tetramerized with streptavidin-AF647 (Life Technologies) and incubated with cells at 37°C for 1 h. Biotinylated BG505 SOSIP.664 trimer probes were used fresh within a day after thaw and tetramerization. Other stains were performed as previously described (43) .
ELISAs. For BG505 gp140 IgG-specific enzyme-linked immunosorbent assays (ELISAs), 96-well MaxiSorp plates (Thermo Scientific) were coated overnight at 4°C with Ab D7324 (from Aalto Bio Reagents Ltd.) at 5 g/ml in 0.1 M NaHCO 3 , pH 9.5 (50 l/well). After washing with PBS-0.5% Tween 20, plates were blocked with 2% skim milk for 1.5 h at room temperature (RT). After washing, 0.3 g/ml D7324-tagged BG505 SOSIP.664 trimers were added in PBS-2% milk-10% sheep serum for 1 h at RT. C-terminus D7324-tagged BG505 SOSIP.664 trimers were made as previously described (27) . After washing, mouse serum was added in a dilution series in PBS-2% milk-10% sheep serum for 1.5 h at RT. After washing, horseradish peroxidase (HRP)-labeled goat anti-mouse IgG and fragment-specific Fc␥ (Jackson ImmunoResearch) was added at 1:2,000 in PBS-2% milk-10% sheep serum for 1 h at RT. Colorimetric detection was performed using a TMB substrate kit (Thermo Scientific). Color development was stopped after approximately 15 min with 2N H 2 SO 4 , and absorption was measured at 450 nm. For V3-Fc competition ELISAs, mouse serum samples were incubated with 4 g V3-Fc fusion protein overnight (12 to 18 h). Each mouse serum sample incubated with or without V3-Fc was plated in a dilution series on the same ELISA plate.
Total mouse IgG ELISAs were performed with the following changes: donkey anti-mouse IgG (HϩL) was used to coat MaxiSorp plates, and mouse IgG (BioXCell) was used as a standard.
Generation of V3-Fc fusion protein. The V3-Fc fusion construct contained a CD5 antigen leader, followed by residues 291 to 336 from HIV-1 BG505 gp120 and then residues 224 to 478 of a human IgG Fc domain, including the hinge, CH2, and CH3 regions, similar to a construct previously described (44) . These residues were cloned into the pHCMV3 vector for mammalian expression. The BG505 V3-Fc fusion protein was transfected in 293F cells using 293Fectin (Life Technologies) by following the manufacturer's protocol. The supernatant was harvested 4 to 5 days posttransfection and purified over a protein A column. Following washing with phosphate-buffered saline, bound protein was eluted using 0.1 M citric acid (pH 3.0) and dialyzed against phosphate-buffered saline. V3-Fc was aliquoted and frozen at Ϫ80°C. Once thawed, V3-Fc was used immediately or kept at 4°C for up to 5 days for use. The stability of V3-Fc was confirmed for every V3-Fc competition ELISA. This was done by determining if V3-Fc blocked binding of the V3-specific MAb 14e to BG505 SOSIP.664 trimers compared to the bnAb VRC01 (a negative control).
Purification of mouse serum IgG. Mouse blood was collected and spun at maximum speed in a tabletop centrifuge to separate serum. Mouse serum samples were purified using a 0.2-ml protein G spin kit (product no. 89949; Thermo Scientific) per the instructions. Briefly, approximately 600 l of serum was added to each column for purification, and three eluted fractions of mouse IgG were collected and combined. The low-pH elution buffer supplied in the kit was used for neutralization assays. High-salt elution buffers, including the gentle elution buffer (Thermo Scientific) and MgCl 2 elution buffers, caused nonspecific neutralization of Tier-1 and Tier-2 HIV and control vesicular stomatitis virus (VSV) pseudoviruses in neutralization assays. The concentrations of total mouse IgG from prepurification serum and the postpurification elution were assayed by ELISA (see "ELISAs" above) to determine the dilution of IgG from original serum.
Biosensor binding kinetics assays. Biosensor binding kinetics assays were performed on the Pall ForteBio Octet Red96 system. The concentration of purified mouse IgG from serum was measured using a total mouse IgG ELISA (described above) or a Pierce bicinichoninic acid (BCA) protein assay kit (Thermo Fisher). Octet kinetic buffer (PBS, pH 7.4, 0.1% BSA, 0.02% Tween 20, 0.01% NaN 3 ) was used in all steps (baseline, load, baseline, association, and dissociation, in sequential order). C-terminus avi-tagged BG505 SOSIP.664 trimers were biotinylated (see "Flow cytometry" above).
For binding kinetics of MAbs and bnAbs (obtained from the International AIDS Vaccine Initiative), 7 g/ml or 1 g/ml biotinylated BG505 SOSIP.664 trimers were loaded onto biosensors for 30 min or 1 h, respectively, and 20 g/ml of MAb was associated for 30 min or 1 h and dissociated for 30 min or 1 h, respectively. For competition assays (baseline, load, baseline, association, and association, in sequential order), 1 g/ml biotinylated BG505 SOSIP.664 trimers were loaded onto biosensors for 1 h. If human MAb was associated first, 20 g/ml was associated for 1 h, followed by 20 g/ml of mouse IgG plus 20 g/ml of the associated MAb for 30 min. If mouse IgG was associated first, 20 g/ml was associated for 3 h to saturate the binding of the mouse IgG. Afterwards, 20 g/ml bnAb plus 20 g/ml mouse IgG were associated for 30 min. Analysis was performed on the ForteBio data analysis software, version 7.1.
Neutralization assays. Tranzyme-␤-galactosidase and luciferase (TZM-bl) reporter cell lines (NIH AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH, John C. Kappes, Xiaoyun Wu, and Tranzyme Inc., Durham, NC) are Henrietta Lacks (HeLa) cell lines (cervical cancer cells) stably expressing high levels of CD4 and the coreceptors CCR5 and CXCR4, and they contain the ␤-galactosidase and luciferase genes under the control of the HIV-1 long terminal repeat promoter. TZM-bl neutralization assays were performed as previously described (27, 45, 46) Negative-stain EM. BG505 SOSIP.664 envelope proteins in Addavax or Iscomatrix or in pumps with Iscomatrix were prepared for negativestain electron microscopy (EM) analysis as previously described (27, 49, 50) . Briefly, a 3-l aliquot containing 0.01 to 0.05 mg/ml of Env protein (as determined by UV A 280 using the theoretical extinction coefficient based on peptide sequence alone) was applied for 5 s onto a carbon-coated 400 Cu mesh grid that had been glow discharged at 20 mA for 30 s and then negatively stained with 2% (wt/vol) uranyl formate for 60 s. Grids were screened to assess stain quality and particle distribution. The sample concentration was adjusted and grids remade until particle overlap on the grid surface was minimized. Data were collected on either an FEI Tecnai T12 electron microscope operating at 120 keV, with an electron dose of ϳ25 e Ϫ /Å 2 and a magnification of 52,000ϫ that resulted in a pixel size of 2.05 Å at the specimen plane, or an FEI Talos electron microscope operating at 200 keV, with an electron dose of ϳ25 e Ϫ /Å 2 and a magnification of 73,000ϫ that resulted in a pixel size of 1.98 Å at the specimen plane. Images were acquired with a Tietz TemCam-F416 CMOS camera (FEI Tecnai T12) or FEI Ceta 16M camera (FEI Talos) using a nominal defocus range of 1,000 to 1,500.
Data processing methods were adapted from those used previously (50) . Two-dimensional (2D) class averages were labeled "closed," "open," or "nonnative" as described previously (50) . The amount of native-like particles was defined as the sum of closed and open particles.
Statistical analysis. Prism 6 software was used to plot geometric means and geometric standard errors of the means for log-based graphs or means and standard errors of the means for linear-based graphs. Statistical analysis was performed using Mann-Whitney (two-tailed) t tests.
RESULTS

BG505 SOSIP.664 trimers are immunogenic and can elicit
Tier-1 nAbs in mice. GCs are almost certainly central to the development of HIV-1 nAbs. We first compared GC responses in the commonly used mouse strains C57BL/6, BALB/c, and 129/Sv using the model antigen keyhole limpet hemocyanin (KLH). Tfh cells, GC Tfh cells, GC B cells, and plasma cells (PCs) in draining lymph nodes were quantified in the period 5 to 28 days postimmunization (see Fig. S1A to C in the supplemental material). BALB/c and 129/Sv mice had 2-fold higher frequencies of GC B cells at the peak of the B cell response than C57BL/6 mice (see Fig.  S1A ). GC responses also remained active substantially longer in BALB/c and 129/Sv mice. Similar results were obtained with an HIV Env immunogen tested in multiple mouse strains (data not shown). Accordingly, BALB/c and 129/Sv strains were used to study the BG505 SOSIP.664 trimer immunogens.
One conceivable challenge for BG505 SOSIP.664 trimer immunizations was that native-like compact Env trimers may be less immunogenic for inducing CD4 T cell and B cell responses than gp120 or poorly formed trimers. YU2 gp140-F proteins have been shown to have irregular shapes and open conformations that expose many nonneutralizing epitopes (33, 51) . Thus, YU2 gp140-F was included as a general immunogenicity control. There were early GC Tfh cell and B cell responses in BALB/c mice after a single immunization with the Env trimers (see Fig. S2A and B in the supplemental material). Responses were of a magnitude comparable to those seen in mice immunized with YU2 gp140-F Env proteins (see Fig. S2A to F) (51). Thus, both native-like and nonnative Env proteins appear similarly immunogenic with respect to the magnitude of the CD4 T cell and B cell responses elicited.
Subsequent trimer immunizations were modeled on schedules developed for licensed human vaccines (52) (53) (54) . Thus, the mice were given BG505 SOSIP.664 trimers three times. An initial immunization was followed by a 2nd immunization at 1 to 2 months, and the 3rd immunization was given after an extended rest period of 3 to 4 months (Fig. 1A) . The primary endpoint readout was a neutralization assay to measure the induction of Tier-1 and Tier-2 nAbs. However, mouse serum contains unidentified components that display nonspecific antiviral activity (36, 55) . These components also are found in other species (e.g., rabbits, macaques, and humans [36] ) and interfere with neutralization assays, which measure the overall inhibition of HIV-1 replication in the presence of the added serum. We confirmed the existence of this problem by showing that sera from mice immunized with adjuvant alone caused nonspecific neutralization of both the HIV-1 BG505.T332N virus and vesicular stomatitis virus (VSV) when added at dilutions of Ͻ1:200 and Ͼ1:1600, respectively (see Fig.  S3A in the supplemental material). This range of nonmeasurable neutralization titers (i.e., Ͻ1:200) is relevant because titers in this range (i.e., ϳ1:100) are associated with protection of macaques in passive transfer experiments (56) . Therefore, we purified IgG from the mouse sera (see Materials and Methods) and showed that this procedure eliminated the nonspecific inhibitory factors. Thus, IgG purified from the sera of the adjuvant-alone immunized mice did not neutralize the BG505.T332N virus or VSV at dilutions as low as 1:7 (see Fig. S3B and C) . In a confirmatory experiment, IgG purified from mice immunized with the irrelevant protein KLH also failed to neutralize the same two test viruses when added in amounts equivalent to serum dilutions as low as 1:9 (see Fig. S3C ). Purified IgG samples from BG505 SOSIP.664 trimer-immunized animals then were tested for neutralization activity (see Fig. S4A and B) . No Tier-1 or Tier-2 nAbs were detected after the final immunization (see Fig. S4B ). However, we also noted that BG505 anti-trimer binding antibody IgG titers were low at this time point, and that the 3rd immunization had not boosted the antibody responses overall (see Fig. S4C ).
We postulated that the 3rd immunization was ineffective, because trimer-specific Abs present had bound concurrently to the trimer immunogen and reduced trimer availability for direct binding by B cells (see Fig. S4C in the supplemental material), as has been observed in model antigen systems (57, 58) . Thus, a shortage of available antigen may preclude a significant B cell recall response in draining lymph nodes. To test this hypothesis, we increased the dose of trimers from 10 to 20 g in the 3rd immunization and observed an anamnestic response (Fig. 1) . Robust GC responses were in draining lymph nodes 2 weeks after the 3rd immunization, as seen by the presence of GC B cells (Fig. 1B and  C) , BG505 Env-specific GC B cells (Fig. 1C) , and GC Tfh cells ( Fig.  1D and E) . Moreover, trimer-specific IgG titers in the serum also were increased at this time (Fig. 1F) , and Tier-1 nAbs now were detectable (Fig. 1G ). Despite these positive responses to the 3rd immunization, we did not see the appearance of nAbs against the autologous Tier-2 BG505.T332N virus (Fig. 1G and H) . A series of other immunization strategies yielded similar outcomes in that they were not able to induce autologous Tier-2 nAbs ( Fig. 1I ; also see Tables S1 to S6 in the supplemental material). While Tier-1 nAbs often were induced, no single immunization strategy was notably better at Tier-1 nAb elicitation than the others (see Fig. S5 in the supplemental material).
To gain insight into why Tier-2 nAbs were not developing, we first compared results from BG505 SOSIP.664 trimer immunization mice against those from BG505 SOSIP.664-immunized rabbits. Mice made BG505 SOSIP trimer binding IgG ELISA titers in a range similar to that of rabbits, but the mouse IgG failed to neutralize autologous BG505 viruses (see Fig. S6A in the supplemental material). However, mice were capable of generating cross-reactive Tier-1 nAbs similar to those of rabbits (see Fig. S6B ) and had gp120 IgG ELISA titers similar to those of rabbits (see Fig.  S6C ). The trimers indeed were capable of inducing a Tier-2 autologous nAb response, implying that mice were more restricted in their Ab responses to BG505 SOSIP trimers. We next sought to understand what limits the Tier-2 nAb response to the trimers in mice.
The V3 region of gp120 elicits an immunodominant Ab response in many Env vaccine and HIV-1 infection contexts (59, 60) . Anti-V3 Abs and MAbs strongly neutralize Tier-1 viruses but usually have no meaningful impact on Tier-2 HIV-1 viruses, including BG505.T332N, because the V3 region is sequestered on the Env trimer prior to CD4 binding (19, 23) . The structure of the BG505 SOSIP.664 trimer shows that V3 is poorly exposed, which is consistent with it not being a neutralization site on the corresponding virus (27) (28) (29) 61) . However, trimers are not static entities but undergo conformational transitions over time (23, 62) . Thus, the V3 region of the BG505 SOSIP.664 trimers can become exposed in vitro when the normally closed conformation opens. Therefore, we considered the possibility that a nonneutralizing, immunodominant Ab response to V3 is interfering with the generation of the Tier-2 autologous response in mice while at the same time contributing to the Tier-1 nAb response.
Under ELISA conditions, bnAbs bind to BG505 SOSIP.664 trimers, but so do V3 non-nAbs (27) . Therefore, we used a V3 competition assay to assess the contribution of V3-specific Abs to the trimer-specific titers by ELISA. To do this, V3-Fc fusion proteins were incubated with the sera prior to addition to D7324-immobilized BG505 SOSIP.664-D7324 trimers, and the fold reduction in trimer binding was quantified. The competition ELISA was validated using the V3-specific MAb 14e and the CD4 binding site (CD4bs)-specific bnAb VRC01. This control experiment showed that 14e binding to the trimer was completely inhibited by prior exposure to the V3-Fc protein, leading to an ϳ5,000-fold titer reduction, but no such inhibition was seen with VRC01 ( Fig.  1I) . Hence, the V3-Fc fusion protein prevents the binding of a V3 MAb to the trimer but does so in an epitope-specific manner. We then used the same method to analyze mouse sera.
In the presence of the V3-Fc fusion protein competitor, the anti-trimer IgG ELISA titers decreased by 10-fold, raising the concern that a potentially large fraction of Abs was directed toward the V3 protein (Fig. 1J) . Hence, one of the immunodominant responses to the BG505 SOSIP.664 trimers in mice involves the induction of Abs to V3 epitopes that are not associated with neutralization of Tier-2 viruses, including the autologous virus BG505.T332N.
Antigen delivery via osmotic pumps reduces the immunodominant response to the V3 loop. The above-described experiments show that an immunodominant, V3-directed Ab response arises when BG505 SOSIP.664 trimers are delivered to mice by a bolus injection. We considered the possibility that a V3-specific B cell response distracts the immune response from targeting epitopes relevant for neutralizing the Tier-2 BG505.T332N virus. The exposure of the V3 region of BG505 SOSIP.664 trimers may occur in vivo due to proteolysis by cells, tissue proteases, or other stresses. This may result in the decreased availability of intact BG505 SOSIP.664 trimers over an extended period after the bolus injection. In an attempt to sustain the availability of intact BG505 SOSIP.664 trimers during the GC response, we sequestered trimers in osmotic pumps that allowed for their slow delivery over many days. Negative-stain electron microscopy of BG505 SOSIP.664 trimers showed that 95% of trimers were in a closed conformation after being placed in osmotic pumps at 37°C (body temperature) for 14 days (see Fig. S7A in the supplemental material).
Three groups of mice were immunized with BG505 SOSIP.664 trimers: (i) group 1, delivery for 7 days via slow-release pumps; (ii) group 2, bolus injection and delivery for 7 days via slow-release pumps; (iii) group 3, delivery for 14 days via slow-release pumps. Pumps were inserted during each immunization at weeks 0, 8, and 19. At 4 weeks after the 3rd immunization, the frequencies of GC B cells and GC Tfh cells were similar among the three groups ( Fig.  2B to E) . However, the trimer-specific serum IgG titers differed. Thus, the lowest titers were found in the 7-day slow-release group (group 1), while in both of the other two groups the titers were ϳ10-fold higher (Fig. 2F) . Hence, increasing the period of slow release or providing a supplemental bolus immunization increases the overall IgG response to the trimer. Of note, the anti- trimer IgG response was much less dominated by anti-V3 Abs when the trimers were delivered via the osmotic pump than with bolus immunizations using various vaccine strategies ( Fig. 2H ; also see Tables S1 to S6 in the supplemental material). Therefore, delivering trimers more slowly and in a sustained manner markedly reduced the Ab response to the V3 region. The reduction in the amount of anti-V3 Abs in the slow delivery groups was correlated with a decrease in the Tier-1 nAb titers, suggesting that V3-specific Abs mediated the Tier-1 virus neutralization ( Fig. 2I ; also see Fig. S8A ). However, autologous Tier-2 nAbs still were not detected in any of the sera, irrespective of the trimer delivery method ( Fig. 2I; also see Fig. S8A ). Thus, while the V3 region of the trimers normally is immunodominant in mice, reducing its immunogenicity via a slow delivery method was not sufficient to allow the mice to generate autologous Tier-2 nAbs.
Dissociation kinetics and titers of trimer-specific mouse IgG. We next explored whether the lack of autologous Tier-2 nAbs in mice was attributable to suboptimal Ab dissociation kinetics or to inadequate titers of IgG Abs. Dissociation kinetics of Ab binding was evaluated by the use of an Octet biosensor. In control experiments, Octet biosensors with BG505 SOSIP.664 trimers were bound by multiple bnAbs against different epitopes (Fig. 3A) . Importantly, the trimers were not bound by various non-nAbs, including the V3-specific Abs 19b, 14e, and 447-52-d (Fig. 3B) . This solution-phase antigenicity data set confirmed that Octet biosensor-bound trimer immunogens were in the same native-like conformation reported previously using a binding kinetics assay with surface plasmon resonance (SPR) (27) . Additionally, a titration of the bnAb 3BC315 showed that the off-rate constants (k off ) were independent of the Ab concentration ( Fig. 3C and D) , demonstrating that off-rate constants could be measured without information on the concentrations of distinct Abs in the polyclonal mouse IgG sample.
Having validated the assay, we compared the average off-rate constants for various immunized mouse IgG samples versus potent bnAbs (Fig. 3E to G) . The trimer-reactive mouse IgG had off-rate constants comparable to those for highly potent human bnAbs, such as PGT151 (Fig. 3H) . Once bound, mouse Abs dissociate slowly from the BG505 SOSIP.664 trimers, implying that the inability to neutralize the autologous BG505.T332N virus is unlikely to be rooted in suboptimal dissociation kinetics. These studies provide further support for the argument that the lack of autologous Tier-2 nAbs in the mice is not attributable to an inherently weak overall antibody response to the trimer immunogen.
Mouse serum IgG binds to the base of soluble SOSIP trimers. Given the generation of high-titered, trimer-specific mouse Abs with slow dissociation, it was not known why these Abs did not neutralize the autologous Tier-2 BG505 virus. Our next hypothesis to account for the absence of autologous Tier-2 nAbs centered on the epitope specificities of the mouse IgG response. An Ab competition assay was used to explore what areas of the trimer were bound by the mouse anti-trimer IgG. The assay is based on quantifying the ability of an IgG sample to inhibit the trimer binding of various bnAbs specific to well-defined epitopes located on five different conserved regions of the trimer using Octet biosensors. The binding of bnAbs was impeded by other bnAbs to overlapping or proximal epitopes (Fig. 4A) . For example, the binding of PGT128 to its high-mannose patch epitope was blocked by PGT126, which binds to an overlapping high-mannose patch epitope, but not by PGT145, which recognizes a more distant site involving V1V2-glycans (Fig. 4A) .
The bnAbs used to evaluate the epitope specificities of the mouse sera were PGT145, specific for the apex (V1V2 Asn160) (63), PGT128, specific for the high-mannose patch V3 glycan (29), PGT135, specific for a lower region of the high-mannose patch (64), VRC01, specific for the CD4 binding site (65) , PGT151 (66) and 35O22 (5), specific for the gp120-gp41 interface, and 3BC315, specific for gp41 (30) (J. H. Lee, submitted for publication). Mouse IgG Abs from the osmotic pump experiments were examined using the competition assay. The mouse IgG samples competed most strongly with bnAb 3BC315 or 35O22, which bound to epitopes located near the bottom of the trimer (Fig. 4B  and C) . When the competition assay was carried out in the reverse format (i.e., assessing whether bnAbs could inhibit mouse serum IgG binding to the trimer) at saturating levels of bnAbs, 35O22 and 3BC315 inhibited mouse IgG binding to the trimer by 37 to 74% (Fig. 5A and B) . However, unlike 35O22 and 3BC315, the mouse anti-trimer IgG fails to neutralize BG505.T332N. Therefore, it is reasonable to conclude that mouse anti-trimer IgGs bind close to the bottom of soluble trimers, possibly at neo-epitopes in the C terminus or at conformational disturbances near the C terminus. Ab binding epitopes that are not present or accessible on the BG505 virion would not neutralize virus. Modeling BG505 SOSIP.664 with full glycans shows that the glycan shield protects most surface envelope trimers (Fig. 6) . However, upon closer examination, it becomes apparent that the bottom of the soluble trimer is exposed and not shielded by glycans (Fig. 6, right) . The base is the largest contiguous protein surface of the BG505 SO-SIP.664 trimer and may be much more readily bound by murine B cells.
DISCUSSION
Most HIV-1-infected people develop Tier-2 nAbs of narrow specificity, and a subset of these individuals later develop a broader nAb response (67) (68) (69) (70) . However, inducing Tier-2 nAbs even of narrow specificity (e.g., autologous) in a protein vaccination by Env protein immunization has proven difficult. Therefore, the evaluation of the latest Env-based immunogens in animal models is an essential part of the vaccine development process, particularly to gauge the ability to induce Tier-2 nAbs. The BG505 SOSIP.664 trimers have very recently been shown to induce a strong and consistent autologous Tier-2 nAb response in rabbits and a weaker response in macaques. A second native-like trimer, B41 SOSIP.664, also is capable of inducing autologous Tier-2 nAbs in rabbits (33) . Therefore, we evaluated the same BG505 SOSIP.664 trimers in mice because of the immunological tools available in the mouse model.
In an extensive series of experiments that involved a multimonth immunization regimen with BG505 SOSIP.664 trimers, conventional mice generated Tier-1 nAbs but not autologous Tier-2 nAbs. Mice generated Abs specific to the immunodominant V3 region of the gp120 subunit, similar to rabbits. Abs to these V3 epitopes can strongly neutralize Tier-1 viruses, but they are rarely active against Tier-2 viruses, including the autologous BG505.T332N strain (19, 33) . Hence, the V3 region of first-generation BG505 SOSIP.664 trimers is strongly immunogenic in animals and may be caused by V3 loop exposure via natural conformational changes of the trimer or by proteolytic events in tissues. In support of the latter hypothesis, sustained delivery of trimers via osmotic pumps significantly reduced the V3-specific component of the overall Ab response. However, this reduction in V3 loop-specific Abs was not accompanied by the appearance of autologous Tier-2 nAbs. To understand why trimer-specific Abs did not neutralize the autologous BG505 virus, Ab competition assays were performed to assess areas of the trimer that were bound by mouse Abs. These competition assays indicate that mouse Abs bound near the base of soluble BG505 SOSIP.664 trimers, potentially at neo-epitopes that were created as a consequence of making these trimers soluble. As the corresponding region either does not exist on the native virion-associated trimer or is occluded by the virion membrane, Abs to this site are not capable of neutralizing the virus.
When initiating this study, we were aware that mice often are considered to have much shorter heavy-chain CDRH3 lengths than humans, macaques, or rabbits (71-74); thus, they may be at a disadvantage for raising Abs capable of penetrating the trimer's glycan shield. However, there are many examples of both strainspecific Tier-2 HIV-1 nAbs and bnAbs that have shorter CDRH3s (75) , which implies that a long CDRH3 is not a mandatory requirement for an Ab to neutralize HIV-1. Thus, although we did not expect that mice would develop bnAbs like the PG9-class Abs that do have very long CDRH3 elements, we considered it possible that autologous Tier-2 nAbs would be raised against other epitopes for which long CDRH3s are not required. However, it appears that it is very difficult for mice to make Tier-2 nAbs. Autologous Tier-2 nAbs elicited in BG505 SOSIP.664 trimer-im-munized rabbits recognize glycan-dependent epitopes, and these Tier-2 nAbs may at least partially penetrate gaps in the glycan shield (33) . A glycan shield-penetrative ability also has been reported recently for Tier-2 nAbs elicited in rabbits after immunization with virus-like particles (VLPs) expressing native-like, SOS-stabilized trimers (76) . Therefore, mice may somehow be at a severe disadvantage for inducing Abs that can penetrate the glycan shield.
There is precedence for reduced responses to highly glycosylated proteins in mice. The lymphocytic choriomeningitis virus (LCMV) glycoprotein (GP) is highly glycosylated (77) , and mice either fail to develop nAbs to GP or they do so very slowly compared to less glycosylated proteins, like G proteins from VSV (78-82). Therefore, it seems possible that there is a strong selection pressure in mice against B cells that bind glycoprotein epitopes (83) . Therefore, to examine the response to native-like HIV-1 Env trimer immunogens, it is important to employ animal models with relevant B cell receptor (BCR) repertoires that can bind to the highly glycosylated epitopes of the HIV-1 Env trimer. These include humanized mouse models with individual transgenic human germ line BCRs (84, 85) , transgenic BCRs of human bnAbs (85) , and humanized mice with polyclonal human BCR repertoires (86) (87) (88) .
In this study, we used BG505 SOSIP.664 trimer immunogens because they are more native-like in conformation (27) (28) (29) than previous versions of Env trimers. We rationalized that the presentation of more native-like epitopes on BG505 SOSIP.664 trimers would be useful for generating Tier-2 nAbs. However, because BG505 SOSIP.664 trimers are more native-like, they may be less immunogenic due to glycan shielding of protein epitopes in a manner similar to that of trimers on viruses. Here, we show that BG505 SOSIP.664 trimer immunogens are immunogenic in vivo and generate frequencies of Tfh cells and GC B cells after immunization that are similar to those of YU2 gp140-F. However, our study suggests that mice have a restricted BCR repertoire that poorly recognizes glycan-containing epitopes. Therefore, although we find Tfh cell and germinal center responses in BG505 SOSIP.664 trimer-immunized mice, if naive B cells of appropriate Tier-2-neutralizing epitope specificity do not exist in the repertoire, then Tfh cells will only be able to help the B cells of the nonneutralizing and Tier-1-neutralizing specificities. In contrast, in the context of other animal models (i.e., rabbits and macaques) that can elicit Tier-2 nAbs, Tfh cells may have a substantial impact on the generation of high-affinity Tier-2 nAbs given their role in GC B cell selection (89) and extent of somatic hypermutation per selection cycle (16, 90) . Thus, it will be important to continue understanding the role of Tfh cells in the generation of high-affinity Tier-2 nAbs and bnAbs.
These results can be used to inform immunogen design and delivery. These data suggest that the base of the BG505 SOSIP.664 trimer is an immunodominant epitope region for mouse B cell responses, perhaps because this region is the largest area of the trimer that is not shielded by glycans (Fig. 6) . The generation of antibodies near the trimer base most likely is not specific to mice, given the large exposed proteinaceous surface of the trimer base. Cross-competition ELISAs have been published for serum Ab responses by BG505 Env trimer-immunized rabbits (33) . Serum Ab from most BG505 Env trimer-immunized rabbits competed with bnAbs 35O22 and 3BC315 for trimer binding. However, given that rabbits make autologous Tier-2 nAbs, crossblocking epitope mapping experiments cannot directly discern if rabbit Abs bind to nonneutralizing areas at the trimer base, similar to the mice, or if all of the detected rabbit Ab trimer binding reflects neutralizing antibodies. Specific epitopes at the base of soluble trimers may not be relevant for neutralization due to their occlusion by the viral membrane, and it is possible that these epitopes could be distractive to responses against more favorable epitopes. If future work indicates that such immune distraction mechanisms exist, then it could be useful to occlude the base of the trimer to reduce its immunogenicity. For example, the presentation of trimers on nanoparticle configurations could occlude the base of the trimer and enhance B cell recruitment through increased valency. Moreover, sustained release of the trimers through sustained release platforms may enhance GC responses and focus B cell responses ) with glycans (aqua) surrounding the gp120 (tan) and gp41 (gray) domains of the trimer protein. Glycans were modeled using Glyprot (http://www.glycosciences.de/modeling/glyprot/) according to Table 1 and Table S2 of Guttman et al. (91) .
on closed trimer epitopes. Furthermore, additional mutations can be made to BG505 SOSIP.664 trimers to further stabilize the closed trimer and reduce the exposure of Tier-1 neutralizing epitopes like the V3 loop. While mutations introduced into BG505 SOSIP.664 trimers increase trimer stabilization while retaining bnAb epitopes, antigenicity is not the same as immunogenicity, and it is important to test new Env trimer immunogens in vivo for the ability to elicit autologous and heterologous Tier-2 neutralizing Abs. These immunogen design strategies and immunological approaches can be harnessed to support the evolution of nAb potency and breadth. Both disciplines have key roles to play in the eventual development of an HIV-1 vaccine.
